The purpose of the present study was to examine the possibility of laser-machining of CuInSe 2 -based photovoltaic devices. Therefore, ablation thresholds and ablation rates of ZnO, CuInSe 2 and Mo thin films have been measured for irradiation with nanosecond laser pulses of ultraviolet and visible light and subpicosecond laser pulses of a Ti : sapphire laser. The experimental results were compared with the theoretical evaluation of the samples heat regime obtained from numerical calculations. In addition, the photo-electrical properties of the solar cells were measured before and after laser-machining. Scanning electron microscopy and energy dispersive x-ray analyses were employed to characterize the laser-induced ablation channels. As a result, two phenomena were found to limit the laser-machining process: (i) residues of Mo that were projected onto the walls of the ablation channel and (ii) the metallization of the CuInSe 2 semiconductor close to the channel. Both effects lead to a shunt in the device that decreases the photovoltaic efficiency. As a consequence of these limiting effects, micromachining of CuInSe 2 -based solar cells was not possible with nanosecond laser pulses. Only subpicosecond laser pulses provided selective or complete ablation of the thin layers without a relevant change in the photoelectrical properties.
Introduction
Thin films are used in many devices in various fields of applications such as optics, opto-electronics and microelectronics. Several systems consist of mutli-layers and the selective machining of thin films is a challenge in device production. Pulsed-lasers are promising tools for machining with submicrometre precision due to reduced heat diffusion related to fast laser-matter interaction [1] [2] [3] [4] [5] . It has been shown that nanosecond lasers can be used to remove material with precision of the ablation depth below 100 nm [6, 7] . Thus, Q-switched Nd : YAG and excimer lasers are supposed to be compatible with micromachining of thin films of micrometre thickness. Recently, CuInSe 2 (CIS)-based solar cells have seen strongly growing interest due to their low-cost fabrication [8, 9] . They are predominantly composed of ZnO, CIS and Mo thin films of micrometre thickness. The possibility of micromachining of CIS-based photovoltaic devices was therefore investigated by several authors using Q-switched Nd : YAG and excimer lasers and promising results have been reported promoting these laser types as efficient machining tools [10, 11] . However, no investigations of the influence of laser processing on the performance of solar cells has been reported yet. The main objective of the present work is therefore to investigate whether pulsed-lasers allow for a damage-free machining of CIS-based photovoltaic devices. The study has been performed by comparing the results obtained with nanosecond and femtosecond laser pulses in order to examine the micromachining performance as a function of laser pulse duration. 
Theoretical background

Laser beam absorption and material heating
The interaction of a laser beam with a solid target is determined by its optical and thermophysical properties. First, the fraction of the laser energy that is absorbed by the material is determined by the absorptivity, A = 1 − R, where R is the surface reflectivity. Then, the absorbed energy per unit depth is determined by the absorption coefficient α that is related to the optical penetration depth by δ opt = α −1 . Because of the high density of free electrons, metals are strongly absorbing materials over the entire spectral range from the infrared (IR) to the ultraviolet (UV) domain. In contrast, materials without free electrons are transparent for photons with energy smaller than the band gap. For this reason, strong absorption of ZnO only occurs in the spectral range λ < 380 nm [12] . However, for sufficiently large laser power densities, I las , nonlinear absorption and/or avalanche ionization occur and induce changes of the material's optical properties. In particular, multiphoton ionization is efficient for I las 10 13 W cm −2 [13] , a value that is easily obtained in the focus of a femtosecond laser beam.
After the absorption of the laser radiation by the electrons, the energy is transferred to the lattice on a picosecond timescale. For nanosecond laser pulses, the laser can be considered a heat source and a one-temperature model is used to describe the heat regime within the target material [14] . In the case of ultrashort laser pulses, a two-temperature model is required to take into account that electrons and lattice have different temperatures [15] . A rough estimation of the thickness of the heat-affected zone is given by the heat diffusion length δ th = 2(χτ las ) 1/2 , that is, the propagation distance of the heat wave during the laser pulse duration τ las in a material of thermal diffusivity χ = k th /(ρC p ). Here, k th is the thermal conductivity, ρ the density and C p the specific heat.
The micromachining precision depends on both the optical penetration depth and the heat diffusion length. Values of δ th are listed in table 2 for Mo, ZnO and CIS and for two different laser pulse durations, τ las . They have been determined by using the thermophysical properties from table 1. It is stressed that δ th is only several nanometres for τ las = 100 fs. For a laser pulse duration of 10 ns, one has δ th ≈ 1 µm, a value that is much larger than the optical penetration depth (table 3) for the laser wavelengths of interest. Thus, the laser-machining precision in the nanosecond regime is limited by the thermal heat diffusion, whereas only the optical penetration depth limits the machining precision in the femtosecond regime at small fluences.
Laser-induced damage and ablation
Commonly, pulsed-laser ablation is characterized by two parameters: (i) the ablation threshold fluence F * a , that is, the minimum laser fluence (energy per unit surface) required for ablation, and (ii) the ablation rate , which is the ablated depth per laser pulse. The latter depends naturally on the incident laser fluence F las and on the material properties. In the case of nanosecond laser irradiation, the F * a and values can be estimated by solving the classical heat equation. As δ opt and δ th are much smaller than the diameter of the incident laser beam on the surface, the heat transport can be described by a one-dimensional equation as follows [14] :
where T is the temperature and z is the depth within the material. Q abs represents the heat source, that is, the absorbed laser energy. The numerical integration of equation (1) allows us to compute the thermal regime by taking into account the variation of the material properties as a function of temperature or/and as a function of depth [15] . The heat regime of the femtosecond laser-irradiated sample is computed by the two-temperature model:
The electron heat conductivity k e and electron heat capacity C e were computed as functions of electron temperature T e and lattice temperature T i using k e = k 0 T e /T i and C e = γ T e , with k 0 = 32 W m value for bulk Mo and a thin metal layer. In contrast, in the nanosecond regime, the melting and evaporation thresholds are smaller for a thin Mo layer than for a bulk metal sample. According to the lower thermal conductivity of glass, thermal losses are reduced with respect to bulk Mo when irradiating the thin metal film. The larger thresholds for the UV laser are attributed to the smaller surface absorptivity at 193 nm and the slightly larger pulse duration of the UV laser pulse.
Micromachining of thin films requires precision in depth that depends on both the thickness of the layer to be ablated and on the depth of the substrate that is allowed to be damaged. Thus, the ablation rate is a crucial parameter. Its precise calculation is complicated as it is required not only to describe the laser energy absorption and the heat regime within the target material but also to model the expansion dynamics of the ablation plume. In the case of nanosecond laser ablation, the plume absorbs partially the incident laser beam. Thus, precise modelling requires a 'self-consistent' model that describes the plume expansion dynamics and takes into account the change of the source term Q abs (z, t) in equation (1). Craciun and Craciun [6] applied a self-consistent model to compute the ablation rate of ZnO produced by 248 nm KrF excimer laser radiation. They observed a saturation of the ablation rate as a function of laser fluence that was attributed to plasma screening. The energy fraction absorbed by the plasma increases with F las . It was estimated to be 30% for a fluence of 2 J cm −2 . Craciun and Craciun [6] and Bonse et al [7] have shown that it is possible to obtain an ablation rate slightly smaller than δ opt and an order of magnitude smaller than δ th . It is therefore possible to ablate a layer thinner than 100 nm from ZnO or CIS that have low thermal conductivity. However, because Mo is a good thermal conductor (table 1) , < 100 nm pulse −1 is difficult to obtain in the nanosecond regime.
The computed heat regimes of a 500 nm thick Mo layer on a glass substrate (a) and bulk Mo (b) submitted to irradiation of 193 nm ArF excimer laser radiation are shown in figure 1. They were obtained by numerically solving the heat equation using optical and thermophysical properties given in tables 1 and 3. The laser fluence was set to values slightly above the ablation thresholds. According to the low thermal conductivity of the glass substrate, the thin Mo layer is thermally isolated and accumulates the deposited laser energy. The temperature distribution within the thin metal film is therefore almost uniform and when ablation starts, the entire layer has a temperature close to the evaporation temperature on the surface. In contrast, in the case of bulk Mo, the large metal thermal conductivity efficiently evacuates the heat from the surface and the strongest temperature gradient is observed in the vicinity of the surface. Furthermore, the fast surface temperature decrease after the laser pulse evidences efficient cooling by heat conduction in the case of bulk metal (b) whereas the cooling in the case of the thin Mo layer (a) is blocked due to the low thermal conductivity of the glass substrate. The present calculation result allows us to predict that material removal from a bulk metal sample can be controlled with a higher depth precision than ablation from a thin metal film on a substrate of low thermal conductivity.
Experiment
The micromachining experiments have been performed using three different types of lasers. Nanosecond laser pulses of visible (532 nm) and UV (193 nm) radiation were delivered by the second harmonic of a Nd : YAG (Spectraphysics: model Quanta Ray) and an ArF excimer laser (Lambda-Physik: model Optex), respectively. The laser pulse durations were 8 ns and 10 ns for visible and UV radiation, respectively. Both lasers were operated at a 10 Hz repetition rate. The ultrashort laser pulses of 100 fs duration, 1 mJ energy and 1 kHz repetition rate were delivered by a Ti : sapphire laser system (Spectraphysics, model Hurricane) that was operated at 800 nm. The UV laser beam crossed through an MgF 2 plate that was rotated to vary the laser pulse energy. The energies of visible nanosecond and femtosecond laser pulses were varied using calibrated attenuating plates. To get an almost uniform laser energy distribution, the central part of the laser beam was selected using a square mask of 2 × 2 mm 2 . A spot of about 50 × 50 µm 2 area was obtained by projecting the mask image onto the samples surface with the aid of a plano-convex lens of 50 mm focal length. The number of applied laser pulses was controlled by a mechanical shutter. The samples were placed in a stainless steel vacuum chamber with a 10 −4 Pa residual pressure that allowed ablation experiments to be performed under vacuum. Inside the chamber, the target holder and focusing objective were placed on motorized translation axes. The focusing distance and the target position were controlled by a microcomputer. Therefore a CCD camera captured the image of the target's surface through the focusing objective. The latter was protected by a thin glass plate from deposition of ablated material. The glass plate was changed regularly to avoid the perturbation of the laser beam by the deposit. Most experiments were carried out in ambient air or under vacuum. The samples were CIS-based solar cells that consist of four thin films deposited on glass substrates as shown in figure 2. The Mo, CIS, CdS and ZnO layers had thicknesses of 0.5 µm, 2.0 µm, 0.1 µm and 1.0 µm, respectively.
Experimental results
Microscopic analysis
The ablation thresholds and ablation rates of the thin layers were measured for the three laser types by irradiating samples of 'incomplete' solar cells. They have been prepared by omitting the films that cover the layer of interest. An example is given in figure 3 showing micrographs of a Mo/glass sample surface that was irradiated by femtosecond laser pulses under vacuum (a) and in ambient air (b). For each condition, a matrix of craters is observed. They have been drilled by varying the laser fluence F las and the applied laser pulse number n las . As the metal surface reflectivity is high, it appears in bright colour whereas the glass surface is dark owing to its low reflectivity. For the largest laser fluence, the entire Mo layer was removed after only one laser pulse. When decreasing F las , the ablation rate diminishes and a larger number of laser pulses are required to remove completely the metal layer. A laser fluence of 0.08 J cm −2 is below the ablation threshold and only a slight change of colour is observed for irradiation under vacuum (a). The change in colour is attributed to a modification of the surface state that was supposed to be heated up to a temperature >T melt . It is observed furthermore that the ablation rate is slightly non-uniform within space as shown by several craters that are partially drilled through the metal film. This is attributed to a non-uniformity of the laser energy spatial distribution. Indeed, some craters exhibit an interference structure that is produced by beam shaping through mask projection. Comparing the results obtained under vacuum (a) and in ambient air (b), two substantial differences are noted: (i) redeposited material is observed on the surface close to the craters drilled in ambient air, in particular for large n las values. The redeposition around the zone of material ablation is attributed to the interaction of the ablation plume with the surrounding atmosphere that leads to backscattering of ejected particles; (ii) for F las = 0.08 J cm −2 and n las 500, the metal layer is entirely removed in air whereas only a slight change of colour is observed in vacuum under otherwise identical conditions. The difference is attributed to chemical reactions between the ambient air and the metal surface as a consequence of subsequent heating by multipulse laser irradiation. The modification of the optical properties and in particular the lowering of the high metal surface reflectivity (see table 3 ) may cause the lowering of the ablation threshold. It is however stressed that is almost independent of the gas environment in the F las F * a regime. The ablation rate as a function of laser fluence is presented in figure 4 for femtosecond laser irradiation of both bulk Mo and a 500 nm thick Mo film deposited on glass. The ablation rates have been determined by microscopic observations of the laser-produced craters and by assuming a linear increase of the ablation depth with n las . The latter assumption is justified if the crater depth is smaller than the crater diameter [7] .
It is observed in figure 4 that the ablation threshold and the ablation rate for F las F * a of bulk Mo almost equal the values measured for irradiation of the thin metal layer. This behaviour indicates that energy losses due to heat conduction are absent as expected for ablation by ultrashort laser pulses near the ablation threshold. Assuming the optical properties to be invariant under laser irriadiation, the ablation rate in the near threshold regime is related to the optical penetration depth [4] . The slope in the the semi-logarithmic plot ∝ log(F las ) corresponds to δ opt = 19 nm given in the literature for ambient temperature [16] . In the fluence regime F las > F * a , the ablation rate of the thin Mo layer is larger than that of bulk Mo. The difference is attributed to ultrafast electron heat conduction [18] . In the case of the thin Mo layer, the ultrafast heat conduction is limited to the metal film of 500 nm thickness whereas electrons can diffuse to much larger depth within the bulk Mo sample. The larger energy loss due to ultrafast heat conduction leads to a smaller ablation rate in the case of the bulk metal.
The optimum laser fluence for precise micromachining is due to an interplay between two main effects. On the one hand, F las should not be too close to the ablation threshold, as small variations of the incident laser pulse energy cause strong changes of the ablation rate in that regime. In addition, the ablation efficiency (ablated mass per incident laser energy) is low for F las F * a . On the other hand, very large F las values involve a large that limits the ablation depth precision. Furthermore, undesired phenomena like the formation of a thick molten layer within the non-ablated material occur at higher fluences even when ultrashort lasers are employed [19] . A laser fluence that exceeds the ablation threshold by a factor of 1.5 or 2 is a good compromise. Figure 5 shows ablation channels that have been produced with F las 1.6 × F * a and different scanning velocities u scan of the sample in the direction orthogonal to the laser beam axis. It is observed that the entire metal layer is removed for u scan = 70 µm s −1 whereas an incomplete ablation occured for u scan = 100 µm s −1 . The number of applied laser pulses per site is related to the scanning velocity by n las = f rep d spot /u scan . For a laser pulse repetition rate f rep = 50 Hz and a laser spot diameter d spot = 45 µm, one has n las = 32 and 23 for u scan = 70 µm s −1 and 100 µm s −1 , respectively. According to the layer thickness of 500 nm, we deduce 20 nm pulse −1 in agreement with figure 4. Figure 6 shows micrographs of a CIS/Mo/glass sample that was irradiated by femtosecond laser pulses under vacuum. The images have been recorded by illuminating the sample from the front (a) and rear (b) sides. The craters have been drilled by varying F las and n las . According to the high reflectivity of the metal surface, it appears in bright colour when the CIS layer is removed as shown in (a) for F las = 0.17 and 0.27 J cm −2 and n las = 50. The complete removal of the metal layer leads to a dark colour of the crater due to the low reflectivity of the glass surface. In this case, the sample becomes transparent as shown in (b). For the largest laser fluence, the CIS layer was only partially ablated after 20 subsequent laser pulses, whereas both CIS and Mo layers were removed for n las = 50.
Typical craters and ablation channels obtained with UV nanosecond laser pulses are shown in figure 7 . The craters (a), (b) and (c) have been drilled by adjusting F las and n las such in a way that the CIS layer is removed up to the Mo layer. It is shown that residues with an aspect of frozen droplets remain on the metal surface. This feature is the signature of the strong thermal character of nanosecond laser ablation that is always accompanied by the formation of a thick molten layer. Figure 7 (d) shows ablation channels that have been produced with different scanning velocities. In agreement with the craters (a), (b) and (c), it is seen that the residues from the CIS layer are hard to remove completely, even if a large number of laser pulses are applied. The magnified images presented in figure 8 show that the metal surface in the bottom of the ablation channels exhibits cracks. These cracks are attributed to subsequent fast heating and cooling of the metal layer. The measured ablation thresholds for the three laser types and the different thin layers are given in table 5. It is noted that the thresholds of Mo are significantly smaller than the computed evaporation thresholds indicating, thus, that ablation does not occur through pure thermal evaporation. Similar observations have been made by Andrews et al [7] during the metal film removal by XeCl excimer laser radiation. 
Photo-electrical characterization
To investigate the influence of laser-machining on the photo-electrical properties, the solar cells were characterized before and after processing. An example of the electrical characterization of the cells is given in figure 9 . The current density J versus applied voltage V is presented for cells that have been divided by cutting all layers up to the glass substrate using femtosecond (a) and nanosecond (b) laser pulses. For femtosecond laser machining (a), the J = f (V ) curve remains almost unchanged as shown in figure 9(a) . Contrarily, a strong change of the electrical properties is observed when the solar cells are divided using nanosecond laser pulses. In that case, the cells are transformed in an ohmic resistance as shown in figure 9 performed using scanning electron microscopy (SEM) and energy dispersive x-ray analysis (EDX).
SEM and EDX analyses
An SEM microgaph of the ablation channel obtained with the Nd : YAG laser is presented in figure 10(a) . The smooth zone of the glass substrate and the rough surface of the multilayer are observed on the left-and right-hand side, respectively. On the surface of the glass substrate, small islands of spherical shape are identified. The spherical shape indicates that these residues of non-ablated material are frozen droplets. The presence of droplets evidences the thermal character of the nanosecond laser ablation process that leads to the formation of a thick molten layer. At the border of the ablation channel, a zone of a few micrometres width is distinguished. This zone, which has a surface aspect similar to the droplets on the glass surface within the ablation channel, is also attributed to residues of non-ablated material that were obviously molten during the laser-material interaction as shown by its shaping into a form of a frozen liquid. An identification of the chemical composition of these residues is obtained from the EDX analysis. The x-ray emission intensity of the Si K α (1.74 keV), Mo L α (2.29 keV) and Zn K α (8.64 keV) lines are displayed in figure 10(b) as a function of the position on the samples surface orthogonal to the ablation channel. The Si K α emission characteristic of the glass substrate dominates within the ablation channel showing that all layers were removed. On the border of the ablation channel, a strong Mo L α emission is recorded indicating thus that the residues of non-ablated material mostly come from the metal layer. The x-ray signal recorded outside the ablation channel is attributed to the S K α (2.31 keV) spectral line that is situated too close to the Mo L α emission to spectrally resolve both lines. The S K α signal is due to the 50 nm thin CdS layer situated between the ZnO and CIS layers. As EDX analyses have a depth resolution of the order of 1 µm, the S K α signal is detected although the CdS layer is covered by the ZnO layer of 1 µm thickness. The Zn K α line is the signature of the ZnO layer and therefore dominates outside of the ablation channel. Additional SEM and EDX analyses have been performed by varying the incident angle of observation. From these analyses it is deduced that metal residues on the border of the ablation channel are much thicker than the CIS layer. Thus, the metal is in contact with the ZnO layer causing the shunt between the Mo and ZnO layers diagnosed by the electrical characterization (see figure 9 and table 6 ). The accumulation of metal residues on the walls of the ablation channel is attributed to the mechanisms involved in material ablation with nanosecond laser pulses. The ablation plume interacts with the laser beam that is partially absorbed. The ablated material is therefore heated up and the pressure generated by the laser-induced plasma strongly increased. As a consequence, the plasma pushes the liquid layer out of the centre of laser-matter interaction where the pressure is maximum. According to the theoretical estimations (section 2), the nanosecond laser ablation of Mo is obtained from a thick liquid metal layer and the cumulation of the Mo residues at the border of the ablation channel is therefore a consequence of both the plasma recoil pressure and the melt. The thickness of the melted layer essentially depends on the laser pulse duration and cannot be avoided when nanosecond laser pulses are employed. The plasma heating is stronger at larger laser wavelength as the efficiency of absorption via inverse bremsstrahlung increases with λ [20] . However, the decrease of the plasma recoil pressure with wavelength can be neglected and the shunt resulting from the cumulation of metal residues at the ablation channel border is observed independently of the employed laser wavelength. It is concluded that the damage-free separation of solar cells is impossible with nanosecond lasers in the 'classical' ablation configuration.
To investigate if nanosecond laser pulses allow for the partial cutting of cells, complementary experiments have been performed. During these experiments, only the first three layers (ZnO, CdS and CIS) were removed, whereas the metal layer was not ablated. Although the ablation channel did not reveal a cumulus of metal residues, a strong degradation of the photo-electrical properties of the solar cells was noted. However, the degradation was less important than that previously observed for the complete removal of all thin layers. As shown in table 6, the photovoltaic efficiency after partial cutting is 2% and thus higher than the values <1% measured after the complete separation of the cells. This change in the photo-electrical properties is attributed to the heating of the CIS semiconductor thin film. According to the theoretical predictions in section 2, we expect a heat affected zone of about 1 µm width in the vicinity of the ablation channel. As CIS contains copper, a metallization of the semiconductor within a zone of 1 µm thickness is probable. This metallization leads to a shunt that is responsible for the degradation of the properties of the solar cells during partial cutting with nanosecond laser sources.
Conclusion
The present experimental and theoretical investigations of micromachining of CIS-based solar cells with pulsed-lasers allow us to draw several conclusions. The ablation rates of ZnO, CIS and Mo obtained with nanosecond and femtosecond laser pulses in the moderate fluence regime are sufficiently small to ensure the selective removal of the thin films. However, measurements of the photo-electrical properties of the solar cells demonstrate that nanosecond laser-machining causes damage. In that case, a shunt is produced between the ZnO and Mo layers that transforms the solar cell in an ohmic resistance. SEM and EDX analyses allowed us to identify two major causes of the degradation: (i) residues of Mo were projected onto the walls of the ablation channel, and (ii) the metallization of the CIS semiconductor occurs close to the channel border. According to the theoretical analyses, both phenomena are related to the thermal character of laser ablation in the nanosecond regime. Thus, damagefree machining of CIS-based solar cells requires shorter laser pulse durations. In the present work, the use of ultrashort laser pulses of 100 fs-pulse duration has been shown to be an effective tool to machine CIS-based photovoltaic devices without relevant change in their photo-electrical properties. It is expected from the theoretical predictions that damage-free machining is possible also with laser pulses of picosecond duration.
